The Application of Diamond-based Electrodes for Efficient EDMing of Silicon Wafers for Freeform MEMS Device Fabrication  by Fonda, P. et al.
2212-8271 © 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of Professor Bert Lauwers
doi: 10.1016/j.procir.2013.03.020 
 Procedia CIRP  6 ( 2013 )  280 – 285 
 
The Seventeenth CIRP Conference on Electro Physical and Chemical Machining (ISEM) 
The application of diamond-based electrodes for efficient EDMing of 
silicon wafers for freeform MEMS device fabrication 
P. Fondaa*, M.L. Chana, A. Heidaria, K. Nakamotoa, S. Sanob, DD Horsleya, K. Yamazakia 
aDepartment of Mechanical & Aerospace Engineering, University of California Davis, 1 Shields Ave, Davis, CA 95616, USA 
bSodick Co. Ltd, 3-12-1 Nakamachidai, Tsuzuki-ku, Yokohama, 224-8522, Japan 
* Corresponding author. Tel.: +1-530-752-6086; fax: +1-530-752-4158. E-mail address: ppfonda@ucdavis.edu. 
Abstract 
Using EDM technology in conjunction with traditional MEMS fabrication techniques offers great advantages in the creation of 
freeform features silicon wafers. The ability to mass produce features, however, is often limited by high electrode wear rates due to 
poor EDMing stability based on silicon’s material properties. By investigating the use of novel diamond-based electrode materials, 
high productivity and low wear rates can be achieved simultaneously. First, the feasibility of applying diamond-based electrodes is 
presented through the rough EDMing of 200 hemispherical features. Second a two-step EDM roughing and finishing process is 
applied in order to achieve high quality and axisymmetric hemispherical features. Using only an EDM roughing process, 200 
hemispherical features were successfully fabricated in 80 minutes with virtually zero electrode end wear. The two-step EDM 
roughing and finishing process resulted in the fabrication of 15 highly axisymmetric hemispherical features with only 15 microns of 
total electrode end wear. A case study is presented in the fabrication of hemispherical shell structures, where the EDMed 
hemispherical features are used as a mold for MEMS device fabrication. 
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1. Introduction 
Existing MEMS fabrication methods based on plasma 
and wet chemical etchings are fundamentally 2D planar 
lithographic patterning extended into the third 
dimension. They are limited by crystal orientations, line-
of-sight etching and masking material selectivity, thus 
making truly 3D complex geometries extremely 
difficult. While X-ray LIGA and micro-
stereolithography have been developed to overcome 
these limitations, they have limited accessibility due to 
high operational costs. 
Conventional manufacturing technologies, however, 
have been well established for decades and are able to 
easily fabricate 3D complex geometries in a variety of 
materials at a wide range of feature sizes. Electrical 
discharge machining (EDM) is ideal process for stable 
material removal of conductive, brittle materials such as 
silicon due to the absence of cutting forces and no effect 
from mechanical material properties on cutting 
performance. Relative to existing through-wafer etching 
methods, such as deep reactive ion etching (DRIE), 
EDM also has the advantage of much lower capital 
equipment cost and is environmentally benign, 
eliminating the need for greenhouse gases such as SF6. 
Based on these favourable advantages, EDM, in 
conjunction with traditional MEMS fabrication 
techniques such as etching, can be used to 
simultaneously achieve high productivity and quality for 
batch processing of 3D features in silicon wafers [1, 2]. 
While the creation of 3D features in silicon wafers 
involves several MEMS fabrication processes, this paper 
focuses on a feasibility study of applying EDM 
technology to direct silicon wafer machining using 
innovative electrode materials to ensure high throughput 
for batch processing applications. 
2. Approach 
A combination of EDM and traditional MEMS 
fabrication techniques are used to fabricate a single 
millimeter-scale 3D hemispherical structure. Figure 1 
shows the overall process flow to be used for the silicon 
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wafer feature fabrication, with the end goal being the 
production of high quality hemispherical structures made 
of a CVD diamond material. After forming the EDMed 
hemispherical silicon mold, wet isotropic etching will be 
conducted using HNA to efficiently obtain a smooth and 
highly axisymmetric mold. The hemispherical mold is 
then used for further microfabrication process steps 
whereby thin film materials can be deposited to form 
sacrificial as well as a structural layer to form free 
standing 3D structures on silicon. 
 For the scope of this paper, however, the 
optimization process for the EDMing of the 
hemispherical mold shape will be focused upon. Steps 1-
2 illustrated in Figure 1 shows the two-step EDMing 
process to be developed, along with the HNA chemical 
polishing of step 3 that is applied to efficiently achieve 
the desired quality and feature axisymmetry. Table 1 
also lists the pertinent silicon wafer specifications. 
To achieve the desired performance for the 
hemispherical structure, the utmost surface quality and 
shape accuracy must be achieved when EDMing the 
hemispherical mold shape. Careful attention must be 
paid for the electrode material selection and fabrication 
process, die-sinker EDM cutting condition selection for 
a silicon workpiece, and the ability to create a large 
number of hemispherical mold features on a single wafer 
with good productivity. Also, cracking must be avoided 
on the silicon surface by using low discharge energy in 
conjunction with a <100> orientation wafer [3]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Fabrication process flow for hemispherical structure on silicon. 
Table 1. Silicon wafer specifications 
Size: Ø 100 mm 
Thickness: 0.5 mm 
Orientation: < 100 > 
Type: n-type 
Doping: antimony 
Resistivity: 0.2 Ω-cm 
Coating: gold 
 
To accomplish batch processing of the hemispherical 
molds on a single silicon wafer, ideally hundreds of 
electrodes would be used simultaneously EDM to 
achieve the best productivity possible. While this 
method offers excellent wear rates since each single 
feature is EDMed using a single electrode, it is very 
difficult to achieve adequate shape concentricity and 
positioning accuracy; the electrodes cannot be rotated 
while EDMing and each electrode must be precisely set 
with a repeatable pitch, which is quite labor intensive 
and prone to error. An alternative solution is to conduct 
serial processing, which offers good concentricity and 
positioning accuracy due to the ability to rotate the 
electrode. Serial processing does, however, incur high 
wear rates since a single electrode must be used to EDM 
all features consecutively, or the electrode must be re-
shaped frequently or replaced. Therefore, to take 
advantage of serial processing’s advantages, electrode 
wear must be reduced and/or eliminated by careful 
choice of electrode material and corresponding cutting 
conditions. 
While copper, copper-tungsten and graphite 
electrodes are commonly used for most EDM 
applications, they all incur relatively standard wear when 
used excessively (0.1%-1% relative end wear for steel). 
From past research, however, it was found that by using 
diamond-based electrode materials such as CVD and 
PCD, wear can be largely eliminated when EDMing 
materials such as steel or tungsten carbide [4, 5]. While 
no research publications have been made for silicon 
workpieces, similar results may be possible by proper 
selection of EDM cutting conditions for diamond-based 
electrode processing of silicon. 
3. Experimental Setup 
To attempt direct silicon wafer EDMing with a PCD 
electrode, Sumitomo grade DA1000 fine grain PCD tool 
blanks were used, which are commercially available. 
From previous research efforts using PCD tool blanks 
for micro milling tool fabrication [6, 7], a hemispherical 
electrode could be quickly fabricated as shown in Figure 
2, using a single pass profile cut at high speed rotation 
using a Sodick horizontal feed wire-cut EDM. 
 
Discharge
Orbital  
motion
10.   Oxide etch        11.  Nitride deposition  12.       HF release 
7. CMP PE-TEOS     8.   Diamond dry etch    9.  Backside anchor 
4. LTO deposition     5. Diamond deposition  6.       PE-TEOS 
1.  EDM roughing        2.  EDM finishing        3.    HNA chemical 
Silicon PCD diamond LTO oxide Au/Cr PE-TEOS Nitride
HF 
HNO3 
CH3COOH 
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Fig. 2. (a) Fabricated PCD electrode; (b) electrode surface close-up 
Fig. 3. (a) Sodick AG35L die-sinker EDM; (b) workpiece setup 
A standard Sodick AG35L die-sinker EDM machine 
tool (Fig. 3) is used as a test platform for all 
experimentation. The machine is equipped with a high 
speed spindle which allows for rotation of the electrode 
during EDMing of speeds up to 2,000 rpm and uses a 
semi-synthetic dielectric fluid. A Keyence digital 
microscope system is also used on-machine in 
conjunction with a precision carbide reference ball for 
precise wafer positioning to ensure proper post-
processing alignment by MEMS techniques. The 
reference ball is also used to measure electrode end wear 
throughout the process. 
4. Experimentation & Results 
In order to reduce the effects of wear during EDMing, 
it is a well known result that a positive polarity must be 
applied to the electrode with an adequately long 
discharge ON time. The adverse affects of such EDM 
conditions, however, is that the surface roughness will 
also be relatively large. For the case of a PCD electrode, 
the minimal value of the discharge ON time in order to 
minimize electrode wear must be found to observe 
whether the achievable surface roughness and/or 
concentricity is adequate or whether a finish EDMing 
step is also necessary.   
4.1. EDM Roughing 
EDM roughing trials were conducted, each with a 
goal of creating 200 hemispherical features at a constant 
feature depth of 460 μm. All EDM conditions were held 
constant, except for the discharge ON time, which was 
set at 1 μs for first experiment and 5 μs for second 
experiment. Table 2 lists the results in terms of both 
cycle time and electrode end wear and Figure 5 shows 
the EDMed silicon wafer. 
The first experiment was completed in just 47 
minutes and resulted in a good wear rate of 150 μm per 
200 features. Despite this relatively low wear rate, it is 
too high for batch production MEMS applications. The 
second experiment was completed in 55 minutes and 
remarkably resulted in a wear rate of only 2 μm. This 
corresponds well with the application of a larger 
discharge ON time for the second trial, although the 
discharge ON time is very low compared to standard 
EDM conditions. The slight increase in cycle time 
observed for the second experiment can be contributed 
to more volume removal since the electrode is not 
wearing considerably and therefore must erode more 
material than that of the first trial. 
Figures 5 and 6 show SEM micrographs of a PCD 
electrode after the first and second experimental trials, 
respectively. By comparing these electrodes used 
electrodes with the unused electrode image of Figure 3, 
the difference in wear characteristics is quite apparent. 
While the electrode used for the first experiment has not 
retained its hemispherical profile despite the adhesion of 
debris to its surface, the electrode used for the second 
experiment has retained its profile, likely due to a 
sufficient debris build-up on its surface which serves to 
protect the electrode material from wear. 
Using the EDM roughed hemispherical features, 
HNA etching was attempted in order to efficiently 
smooth the features to an acceptable level. 
Table 2. Silicon wafer rough EDMing of 200 features result 
 Trial Discharge ON time  Cycle time Electrode wear 
1  1 μs 47 min 150 μm 
2  5 μs 55 min 2 μm 
 
 
Fig. 4. Rough EDMed silicon wafer 
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Fig. 5. (a) Used PCD electrode (1 μs discharge ON time); (b) electrode 
surface close-up 
Fig. 6. (a) Used PCD electrode (5 μs discharge ON time); (b) electrode 
surface close-up 
HNA has a relatively aggressive etch rate of 1-3 μm 
per minute, requiring no more than 2-3 minutes of etch 
time to simultaneously etch all 200 features, whose 
surface has an estimated roughness of approximately 15 
μm, Rz. 
After attempting a variety of etching times and 
concentration varieties, however, the rough EDMed 
surface could not yield an acceptable surface quality and 
concentricity, as shown in Figure 7. Based on these 
findings, it is necessary to conduct EDM finishing to 
improve the surface quality before applying HNA 
etching. While only two roughing trials were attempted, 
further roughing experimentation was not necessary 
since the wear rate for Trial 2 was negligible. Additional 
trials to observe results using a larger discharge ON time 
would result in a considerable increase in surface 
roughness, which would yield poor HNA finishing 
results.   
4.2. EDM Roughing + Finishing 
In order to improve the surface roughness and 
concentricity of the rough EDMed hemispherical 
features, a finishing operation was added, which uses an 
orbital motion with lower discharge energy settings in 
order to improve the surface characteristics. For the 
EDM finishing, the same PCD electrode is used as with 
EDM roughing since it was observed that virtually zero 
wear was incurred, but the EDMing depth was set at 15 
μm deeper than the roughing operation. 
When evaluating the influence of the finishing 
process, two tests were performed, each using both 
roughing and finishing operations. Each electrode is only 
used to EDM eight features in order to reduce frequent 
electrode changes due to high wear rates incurred during 
finishing operations. The key EDM conditions used for 
both roughing and finishing are listed in Table 3. The 
roughing and finishing conditions were applied in order 
from feature 1 to 8.  
Imaging of the cross-section hemispherical feature is 
conducted to evaluate the cross-sectional shape before 
and after HNA. The features are diced with a dicing saw 
around the center of the hemispherical feature and 
imaged using a Scanning Electron Microscope (SEM). 
Figure 8 a and b show the SEM micrograph of the 
feature after the roughing and finishing step. From the 
SEM image the curvature of the hemispherical feature is 
not affected by the finishing process with the shell 
retaining a smooth cross-sectional edge profile. Figure 8 
c and d show the cross-section after HNA process, where 
the same structural profile can be observed and a 
smoother surface void of the discharge craters can be 
observed. 
 
 
Fig. 7. HNA etching results after EDM roughing only 
Table 3. Key roughing and finishing EDM conditions 
 Roughing Finishing 
Electrode polarity  + - 
Discharge ON time  5 μs 1 μs 
Discharge current 4 A 0.5 A 
Discharge voltage 120 V 200 V 
Servo voltage 70 V 100 V 
Capacitance 0.01 μF none 
Orbiting distance none 20 μm/side 
   
 
      (a) EDMed feature cross section     (b) EDMed edge close-up 
 
       (c) Etched feature cross section      (d) Etched edge close-up 
Fig. 8. Cross section of the hemispherical feature after EDM finishing 
(a, b) and HNA etching (c, d) 
 
0.2 mm 0.1 mm
0.2 mm 5 μm 
500 μm500 μm
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Fig. 9. Image of hemispherical feature after EDM roughing + finishing 
Image acquisition was carried out using a microscope 
with a 5X objective (Mitutoyo M Plan APO). A 
Matlab™ image processing code was developed to 
process the individual images and extract quantitative 
measurements of the finished features. Figure 9 shows 
an optical image of the EDM silicon feature, where the 
red curve traces the actual rim and the blue curve shows 
the fitted circle. The green and magenta lines highlight 
the minimum and maximum boundary on the rim 
profile, respectively. Using these max/min values, the 
average rim roughness, ΔR is extracted. The accuracy of 
this evaluation is highly dependent on the feature surface 
cleanliness and optical setup. Any particles on the 
surface distort the boundary evaluation and having a 
large field of view for a 1mm diameter feature limits the 
pixel accuracy to approximately 0.94 μm/pixel.  
Figure 10 shows the results of the averaged radius 
over the number of EDM features. The average radius of 
each feature can be seen to decrease with increasing 
number of EDM feature completed, indicative of higher 
electrode wear over time. The estimated wear is 
approximately 0.33 μm per feature. 
 
Fig. 10.Wear rate of the electrode over a series of EDM features 
 
 

Fig. 11. Variation in the radius of the same well before and after HNA 
The rim boundary trace is unwrapped and plotted in 
Figure 11, where the maximum peak to valley values of 
the rim at different angular position yields the local rim 
roughness, ΔR. The radius of the mold after EDM is 
characterized by a jagged profile. This localized 
roughness is smoothed out during the HNA process. The 
finishing step gives a rim roughness variation ΔR/R ~7%, 
while the subsequent HNA process reduces the 
roughness to 3%. 
5. Case Study 
These hemispherical features machined into silicon 
forms the silicon mold upon which molding of or 
deposition of conformal structural layer can be 
performed to create three dimensional structures.  Figure 
12 shows the result of a fully released 1.1 mm diameter 
polycrystalline diamond hemispherical shell formed 
using the EDM hemispherical mold, supported by a 
silicon nitride anchor. The shape of the shell conforms to 
the mold surface indicative of the importance of the free 
form mold shape to getting a good shape, symmetry as 
well as surface quality. This technique can also be 
applied to create re-usable silicon molds for mass 
manufacturing of 3D hemispherical microstructures such 
as optical lenses and micro-antennas. 
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Fig. 12. SEM micrograph of hemispherical diamond feature fabricated 
from EDMed mold 
6. Conclusion 
While traditional MEMS fabrication methods are 
highly efficient for mass production of simplistic 2D 
geometric features, 3D geometric applications are much 
more complex and time consuming. By applying 
traditional manufacturing methods, such as electric 
discharge machining (EDM), the productivity of 
fabricated 3D MEMS features may be enhanced, 
specifically for the MRIG silicon shell mold component. 
By applying PCD-based electrode materials for the 
die-sinker EDM roughing process of silicon wafers, 
excellent productivity and repeatability were achieved 
using serial processing of 200 hemispherical shell mold 
features. Due to inadequate quality and axisymmetry of 
the rough EDMed features after HNA etching, a finish 
EDM operation was necessary in order to improve the 
overall feature quality after HNA etching. 
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